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Human brain size nearly quadrupled in the six million years since Homo last shared a 
common ancestor with chimpanzees, but human brains are thought to have decreased 
in volume since the end of the last Ice Age. The timing and reason for this decrease is 
enigmatic. Here we use change-point analysis to estimate the timing of changes in the 
rate of hominin brain evolution. We find that hominin brains experienced positive rate 
changes at 2.1 and 1.5 million years ago, coincident with the early evolution of Homo 
and technological innovations evident in the archeological record. But we also find that 
human brain size reduction was surprisingly recent, occurring in the last 3,000 years. Our 
dating does not support hypotheses concerning brain size reduction as a by-product 
of body size reduction, a result of a shift to an agricultural diet, or a consequence of 
self-domestication. We suggest our analysis supports the hypothesis that the recent 
decrease in brain size may instead result from the externalization of Knowledge and 
advantages of group-level decision-making due in part to the advent of social systems 
of distributed cognition and the storage and sharing of information. Humans live in social 
groups in which multiple brains contribute to the emergence of collective intelligence. 
Although difficult to study in the deep history of Homo, the impacts of group size, 
social organization, collective intelligence and other potential selective forces on brain 
evolution can be elucidated using ants as models. The remarkable ecological diversity 
of ants and their species richness encompasses forms convergent in aspects of human 
sociality, including large group size, agrarian life histories, division of labor, and collective 
cognition. Ants provide a wide range of social systems to generate and test hypotheses 
concerning brain size enlargement or reduction and aid in interpreting patterns of brain 
evolution identified in humans. Although humans and ants represent very different routes 
in social and cognitive evolution, the insights ants offer can broadly inform us of the 
selective forces that influence brain size. 
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We live in a community of knowledge. Everything we do depends on 
knowledge that is both inside our head as well as out in the world 
and in other people’s heads. 


Steven Slomen’, author of Knowledge Illusion: Why We Never 
Think Alone 


The key to the origin of the human condition is not to be found in 
our species exclusively, because the story did not start and end with 
humanity. 


E. O. Wilson, The Social Conquest of Earth 


Only humans and social insects can build and manage large-scale 
societies according to complex economic decision rules. 


Boomsma and Franks, 2006 


INTRODUCTION 


Understanding the causes and consequences of brain evolution 
in humans—particularly the role of social life—is significant to 
understanding the nature of humanity. Across diverse clades, 
sociality is hypothesized to drive brain size and structure. In 
primates, greater cognitive challenges associated with forming 
bonded social groups in large societies, among other influences 
(DeCasien et al., 2017; Gonzdlez-Forero and Gardner, 2018; 
DeCasien and Higham, 2019), appear to have selected for 
increased brain size (Dunbar, 1998; Dunbar and Shultz, 2007, 
2017; Meguerditchian et al., 2021). A broad phylogenetic 
perspective can be of significant value in exploring the evolution 
of nervous systems (Striedter et al., 2014; Keifer and Summers, 
2016; Shigeno, 2017). Although significantly different in sociality, 
computation and decision-making in humans and social insects 
are accomplished by physical neuroarchitectures (“solid brains”) 
as well as “liquid brains” formed by interactions of group 
members that create collective intelligence (Couzin, 2009; Pagan, 
2019; Pifiero and Solé, 2019; Reséndiz-Benhumea et al., 2021). 
Across diverse species that vary in social organization, cognitive 
demands on individuals may be lower in societies in which 
group decision-making is more efficacious than individual 
decision-making (Surowiecki, 2004; Sumpter, 2006; Krause et al., 
2010; Woolley et al., 2010; Sasaki and Pratt, 2018; Bak- 
Coleman et al., 2021). Superorganismic decentralized “brain” 
networks characterize humans and ants, the premier social 
insect. Collective intelligence may reduce brain size in both 
clades (Bailey and Geary, 2009; Feinerman and Traniello, 2016). 
Therefore, the size of groups and society-level intelligence may 
affect behavioral performance and cognitive loads and increase 
or reduce brain size, depending on context. 

Over the course of hominin evolution, encephalization has 
been dynamic (e.g., Miller et al., 2019). Australopithecus cranial 
capacities were on average 20% larger than those of the late 
Miocene hominins Sahelanthropus and Ardipithecus or modern 
chimpanzees, despite having chimpanzee-sized bodies (Wolpoff, 
1999; Cartmill and Smith, 2009; DeSilva, 2011). These ~450 
cc brains remained roughly unchanged in size from 3.5 to 


! From Big Picture Science podcast, Collective “Knowledge.” May 17, 2021. 


2.0 million years ago even though late australopiths (e.g., 
Paranthropus) underwent extensive diversification. With the 
evolution of Homo, brains began to expand but gross neural 
organization may have remained primitive (Ponce de León 
et al., 2021). Additionally, brain expansion was not universal 
in fossil Homo as evidenced by the small-brained Middle and 
Late Pleistocene hominins Homo naledi (Berger et al., 2015; 
Montgomery, 2018) and Homo floresiensis (Brown et al., 2004; 
Figure 1). Although an almost fourfold increase in brain 
volume during the last 2 million years is a hallmark in human 
evolution, it remains unappreciated—but well-documented— 
that both absolute and relative brain size have decreased since 
the end of the Pleistocene (Schwidetzky, 1976; Wiercinski, 1979; 
Beals et al., 1984; Henneberg, 1988; Henneberg and Steyn, 1993; 
Ruff et al., 1997; Bailey and Geary, 2009; Hawks, 2011; Bednarik, 
2014; Liu et al., 2014; Bruner and Gleeson, 2019). The precise 
timing of this decrease in brain size, however, is unclear. Some 
have placed its origin in the late Pleistocene ~35 kyr (Ruff 
et al., 1997) and others in the more recent Holocene ~10 kyr 
(Henneberg, 1988; Hawks, 2011). 

Here we investigate historical patterns of human brain 
evolution to date major inflection points of changes in size to 
attempt to identify selective factors in the environment that may 
have prevailed during times of significant change in brain size. 
Because the deep history of neural tissue and its organization 
is difficult to explore, we use ants to model the broad impacts 
of social selection on brain size evident in nature to gain 
insights into the possible selective forces that influenced patterns 
of human brain evolution. Although phylogenetically remote 
from humans, ants provide examples of brain evolution that 
may help identify selective factors and offer neuroarchitectural 
details to complement the metric of brain size. These advantages 
may compensate for some of the limitations of behavioral and 
neurobiological research on extinct hominin forms. 

Ants are eusocial insects characterized by reproductive 
division of labor, cooperative brood care, and overlap of 
generations. They are exemplars of social life that encompass 
extant species basal in social structure and highly complex 
species, enabling comparative studies. Ants are eusocial, and 
humans have been characterized as eusocial (Foster and 
Ratnieks, 2005; Boomsma and Franks, 2006; Betzig, 2014; 
D’Ettorre, 2017b), both forming large, complex, kin-oriented 
societies, including those with agricultural practices and full- 
time division of labor. In humans, however, division of 
labor is not associated with a loss of reproductive potential. 
Ultrasocial species (Campbell, 1983; Gowdy and Krall, 2013, 
2016) produce their own food crops and include some 
ants (and termites) and humans. Sociobiological parallels can 
be leveraged to understand the general role of advanced 
social life in brain evolution. While divergent in key aspects 
of social organization, humans and ants exhibit important 
convergences, for example, in the ability to act collectively. 
And although their brains are structurally and functionally 
different, our understanding of brain size scaling and structural 
allometries in ants provide opportunities to address general 
questions of brain evolution—including size reduction — 
in humans. 
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FIGURE 1 | Trends in hominin brain evolution. (A) Cranial capacity in fossil apes (Miocene hominids) and hominins over the last 10 million years. Brain size remained 
relatively steady throughout the late Miocene and Pliocene, increasing only slightly in Australopithecus compared with earlier hominins. However, by 2 million years 
ago, there was a dramatic increase in the rate of growth, coinciding with fossil evidence for the earliest members of genus Homo. This change point is illustrated by a 
red vertical dotted line (95% CI shown as thick pink vertical line). A second change-point is detected at ~1.5 million years ago and the rate of brain size increase 
remains steady through the Pleistocene and the evolution of Homo sapiens. If the small-brained Middle and Late Pleistocene hominins H. naledi (blue dots) and 

H. floresiensis (orange dot) are included, these two change points merge into a single, overlapping encephalization event between 1.97 and 2.21 million years ago. 
(B) During the last 100,000 years, brain size has remained steady in H. sapiens until a rapid and dramatic change point only 3,000 years ago decreased Holocene 
human brain size at a rate fifty times greater than the previous increases in Pleistocene brain volume. Each black dot represents an individual fossil skull or 


osteological specimen. 
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MATERIALS AND METHODS 


To understand temporal patterns of human brain evolution, we 
applied a change-point analysis to identify the timing of inflection 
points in hominin brain evolution using our brain size dataset 
of 985 dated logio transformed estimates of hominin cranial 
capacities (cc) compiled from the literature (Supplementary 
File 1). The dataset represents brain evolution over the last 10 
million years of hominid and hominin evolution and includes 
Rudapithecus (N = 2), Sahelanthropus (N = 1), Ardipithecus 
(N = 1), Australopithecus (including Paranthropus) (N = 29), 
Early Pleistocene Homo (N = 37), Middle Pleistocene Homo 
(N = 60), Late Pleistocene Homo (N = 156), and Holocene 
H. sapiens (N = 699). We only used published cranial volumes 
(cc or mL) and not cadaver-derived weights (g) since cranial 
volume and brain weight are not equivalent (e.g., Tobias, 
1970). Analysis was limited to individuals that are estimated 
to have been at least 10 years old and thus had exceeded the 
age at which modern H. sapiens achieves adult brain volume 
(Coqueugniot and Hublin, 2012). 

Changepoints were determined using the packages 
changepoint (Killick and Eckley, 2014) and segmented (Muggeo, 
2008) in R Studio (Version 1.2. 5019). Changepoint was first 
used to provide approximate prior estimates for changes in 
the mean logio(cc) across the time series using the “BinSeg” 


method. These prior estimates were then used to fit a piecewise 
generalized linear model to the data with the segmented package 
(Muggeo, 2008), which provided estimates of 1) the locations 
of changepoints (or breakpoints) in the slope of the time series; 
and 2) the slopes of the lines around each changepoint, which we 
interpreted as approximate rates of evolutionary change. Because 
the phylogenetic relationship of the different hominin species 
remains contentious and because there is genetic evidence 
for interbreeding between many Late Pleistocene hominin 
populations (e.g., Gokcumen, 2020), we included all hominin 
specimens in the change point analysis. However, we ran two 
separate models: one including the small-brained Middle and 
Late Pleistocene fossils from H. naledi and H. floresiensis and one 
excluding them. We mainly describe the results for when these 
small brained species were excluded (N = 981), but the timing of 
the decrease in hominin brain size in the Holocene was negligible 
between these two models. 


RESULTS 


The best piecewise GLM model fit explained approximately 
79% of the variance (adj r? = 0.79) in logio(cc) values and 
identified three changepoints (Table 1). The first was detected 
at 2.10 + 0.07 Ma, coincident with fossil evidence near the 
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TABLE 1 | Estimates of changepoint dates — excluding small-brained Pleistocene Homo (N = 981). 


Changepoint (CPT) Date (Ma) + SE 95% Confidence Interval (Cl) for changepoint date (Ma) 


Rate of change after changepoint [(log10(cc)/Ma] + SE 


CPT 1 2.10 + 0.07 2.25 < CPT 1 < 1.96 
CPT 2 1.49 + 0.14 1.75 < CPT 2 < 1.22 
CPT 3 0.003 + 0.001 0.005 < CPT 3 < 0.001 


0.35 + 0.05 
0.19 + 0.01 
—17.16 + 6.69 


TABLE 2 | Estimates of changepoint dates—including small-brained Pleistocene Homo (N = 985). 


Changepoint (CPT) Date (Ma) + SE 95% Confidence Interval (Cl) for changepoint date (Ma) 


Rate of change after changepoint [(log10(cc)/Ma] + SE 


CPT 1 2.10 + 0.05 2.19 < CPT 1 < 2.01 0.72 + 0.51 
CPT 2 1.97 £0.12 2.21 < CPT 2 < 1.73 0.20 + 0.01 
CPT 3 0.003 + 0.001 0.006 < CPT 3 < 0.0005 —16.74 + 7.55 


first known occurrence of Homo erectus (Herries et al., 2020). 
At 2.10 Ma, the rate of evolution increased sharply from 
0.03 + 0.01 log; 9(cc)/Ma to 0.35 + 0.05 logio(cc)/Ma. A second 
changepoint occurred at 1.49 + 0.14 Ma when the rate of 
evolution slowed to 0.19 + 0.01 logio (cc)/Ma. A steady increase 
in brain size—independent of body size—followed and lasted 
through the Pleistocene (Ruff et al., 1997; Lee and Wolpoff, 2003; 
Rightmire, 2004; Hawks, 2011). We identified a third changepoint 
at 0.003 + 0.001 Ma at a rate of —17.16 + 6.69 logio(cc)/Ma. 
This rate is 50 times greater than the renowned increase in 
human brain size. Our data suggest that this reduction may have 
been more recent—3,000 years ago—than previously suggested. 
We interpret our result conservatively, and caution that any 
findings about brain size changes throughout human evolution 
are contingent on the resolution of the available dataset (e.g., 
VanSickle et al., 2020). Indeed, the inclusion of smaller-brained 
Pleistocene hominins (H. naledi and H. floresiensis) reduced 
model fit slightly (adj r? = 0.74) and had the effect of widening the 
95% CIs of the first two changepoints such that they overlapped 
between the wider time interval of 2.2-1.7 Ma (Table 2). Yet 
the timing of the third Holocene changepoint in this model 
was unaffected by the inclusion of these specimens, although its 
95%CI also widened slightly (Table 2). 


DISCUSSION 


Brain Size Increase and Reduction in 


Humans 

The changepoints we identified document trends in brain 
size but do not reveal underlying causes and mechanisms of 
encephalization. The expensive tissue hypothesis (Aiello and 
Wheeler, 1995) posits that a trade-off in allocated resources 
from one expensive tissue (the brain) to another (the gut) 
was made possible by shifts to a higher quality diet in Homo, 
enabled in part by enhanced technological skills (Lepre et al., 
2011), exploitation of diverse resources (Braun et al., 2010), 
and the invention of cooked foods through controlled fire 
(Wrangham, 2009; Herculano-Houzel, 2016). In addition to 
evidence that energetic constraints on encephalization may have 
been released by dietary shifts in early Homo, others have posited 
that brain expansion in early Homo may have been driven 


by the need for enhanced social intelligence (Dunbar, 1998; 
Dunbar and Shultz, 2017). With growing complexity in social life, 
perhaps associated with increased group size, brain expansion 
occurred. Resource sharing within groups and allocare may have 
provided the energy surplus needed to support the increased 
energetic cost of a larger brain (Isler and van Schaik, 2012). 
These hypotheses are not mutually exclusive: a combination of 
social challenges and ecological pressures and increased dietary 
quality and breadth drove Pleistocene brain expansion in our 
ancestors, who were living in increasingly larger groups and 
likely benefitted from enhanced group-level cognitive abilities 
and greater cultural intelligence (van Schaik et al., 2012), which 
could in turn accelerate brain expansion via a feedback loop 
(Markov and Markov, 2020). 

The cause of brain reduction in the Holocene is also unclear. 
One possibility is that it is associated with a corresponding 
decrease in body mass (Henneberg, 1988; Ruff et al., 1997). The 
early expansion of the brain in Homo has been explained as 
an increase in absolute body size (Ruff et al., 1997; Wood and 
Collard, 1999; McHenry and Coffing, 2000; Lee and Wolpoff, 
2003) though Grabowski (2016) later employed quantitative 
genetics to suggest that selection had favored brain enlargement 
and body size increase was a by-product. Hawks (2011) contends 
that the absolute change in brain size from the Pleistocene to the 
Holocene is greater than expected based on changes in body mass 
in the same time period, emphasizing that given the correlation 
between human brain and body size (Holloway, 1980), the 
observed 5 kg decrease in body size in the Holocene would 
account for only a 22 mL decrease in brain volume (Hawks, 2011). 
However, the actual reduction is more than 5x greater, suggesting 
that body size alone cannot entirely explain the decrease in 
brain volume. We find here that body size reduction may have 
preceded brain size reduction by several millennia. Ruff et al. 
(1997) notes that the decrease in body size in late Pleistocene 
humans began around 50 kyr, whereas brain reduction appears 
to been a Holocene phenomenon. 

Yet there may be other non-allometric explanations for the 
reduction in human brain size at the Pleistocene-Holocene 
transition due to energetic, nutritional (Wiercinski, 1979), 
and/or developmental constraints (Hawks, 2011). The brain size 
reduction in Holocene humans parallels that of domesticated 
animals, suggesting that humans have self-domesticated by 


Frontiers in Ecology and Evolution | www.frontiersin.org 


October 2021 | Volume 9 | Article 742639 


DeSilva et al. 


Brain Evolution: Humans and Ants 


deliberately removing highly aggressive individuals from 
breeding populations, leading to a reduction in intra-population 
(but not inter-population) aggression (Leach, 2003; Hare and 
Tomasello, 2005; Wrangham, 2018, 2019; Bruner and Gleeson, 
2019; Hare and Woods, 2020). Brain reduction in this case 
would be a by-product (or cause) of docility, a phenomenon 
documented recently in domesticated cattle (Balcarcel et al., 
2021). Groves (1999) suggests that domesticated dogs have 
sufficiently co-evolved with humans to have symbiotically 
become our external senses, thereby decreasing our reliance 
on brain centers that process sensory information. However, 
our finding here—that brain size reduction occurred in just 
within last 3,000 years—is temporally inconsistent with these 
prior explanations. Human self-domestication is argued to have 
occurred at the onset of species ~300,000 years ago (Wrangham, 
2019) or coincident with the evolution of what some have called 
“behavioral modernity” ~80,000 years ago (Hare and Woods, 
2020). Recent fossil and genetic evidence indicate that dogs were 
domesticated > 20,000 years ago (Perri et al., 2021). 


Human and Ant Sociobiology and 
Evolutionary Neurobiology: Insights Into 


Brain Elaboration and Reduction 
Human social life has long been analyzed in reference to the 
social organization of ants. Imms (1946) review of Haskins 
(1939) Of Ants and Men described ants as “predominant” 
among the “very few living creatures whose social development 
at all parallels our own.” He emphasized the value of having 
“a nearly complete series of evolutionary forms among living 
ants, numerous ‘missing links’ and ‘living fossils” and a history 
“much more complete and much better preserved than that of 
man.” Comparisons made to identify commonalities in patterns 
of sociality between these diverse clades continue to be made 
today (Boomsma and Franks, 2006; Wilson, 2012; Crespi, 2014; 
D’Ettorre, 2017a,b; Friedman and Søvik, 2021; Gowdy, 2021). The 
benefits of ant models for the study of human social evolution 
noted by Imms are made more compelling by an additional 
80 + years of new species discovery (roughly 5,000-6,000 circa 
1,940 to > 14,000 today), an expanded phylogeny (6 to ~20 
subfamilies), and an eruption of integrative sociobiological and 
neurobiological research. Ants exhibit striking variation in colony 
size and demography, and individual and colony-level cognition. 
Diversity in social phenotypes creates the potential to provide 
general insights into human social structure and brain evolution. 
Acknowledging the limitations of analogies, human and ant 
comparisons may reveal patterns in nature that broadly suggest 
social and ecological selective forces relevant to brain evolution. 
We recognize that the uniqueness of human cognition (Laland 
and Seed, 2021) cannot be overemphasized, and neurobiological 
parallels with ants are as constrained as _ sociobiological 
comparisons, if not more limited. Although ant and human 
brains have the common function of processing environmental 
information to adaptively respond to social signals and cues, 
they are structured very differently. The size, neuron number, 
and synaptic connectivity of an ant brain is a minute 
fraction of that of a human brain (Herculano-Houzel, 2016; 


Godfrey et al., 2021). However, the computational power of an 
ant brain is remarkable for its size and miniaturization does 
not appear to constrain behavioral performance and/or higher- 
order processing (Muscedere et al., 2014), social learning, or 
consciousness (Avargues-Weber and Giurfa, 2013; Barron and 
Klein, 2016; Perry et al., 2017; Lihoreau et al., 2019; Perry 
and Chittka, 2019; Elek et al., 2020; D’Ettorre et al., 2021). 
Social organization in ants may “require relatively simple and 
computationally inexpensive forms of cognition” (Lihoreau et al., 
2012), some extrinsic to brain operations, that could mitigate 
the need for advanced processing capability. Behavior in ants 
typically involves task routines and kinesthetic performance 
rather than sophisticated cognition. Unlike the human brain 
(Noonan et al., 2018), ant brains appear to lack executive function 
and the ability to mentalize, among other circuitry specialized for 
human social performance. 

Relative needs for social information processing are strikingly 
different in ants and humans. Olfaction is dominant in 
ants and involves a relatively small number of chemicals to 
guide individual actions and organize colony-level behavior. 
Vision appears to have very limited social functions and 
mainly functions in navigation during foraging (Hélldobler 
and Wilson, 1990). The anatomy of ant brains thus largely 
reflects investment in brain centers such as the antennal lobes 
and optic lobes responsible for processing olfactory and visual 
stimuli, respectively. These inputs are mainly integrated in the 
mushroom bodies, brain compartments specialized in higher- 
order processing, learning, and memory, and to a lesser extent in 
the central complex. The mushroom bodies, deeply homologous 
to the vertebrate cortex (Tomer et al., 2010), have long been 
consider to be the neuroanatomical seat of intelligence in ants 
and other insects (Strausfeld et al., 1998), but the nature of ant 
intelligence is only very loosely comparable to that of humans. 
Mushroom body elaboration also preceded the evolution of 
eusociality (Farris and Schulmeister, 2011). 

Ants have nevertheless emerged as important models for 
understanding the role of sociality (Ilies et al., 2015; Kamhi 
et al., 2016, 2019; Godfrey and Gronenberg, 2019) and behavioral 
performance and cognition (Muratore and Traniello, 2020; 
Muratore et al., 2021) in brain evolution. Analyses of sociality 
and brain size scaling (e.g., Godfrey and Gronenberg, 2019; 
Muratore and Traniello, 2020) and information processing 
through social interaction (e.g., Davidson et al., 2016) can 
contribute to broadly understanding how social biology may 
have influenced general aspects of human brain evolution. The 
allometric scaling of functionally specialized brain centers in 
ants allows the adaptiveness of brain mosaics to be explored 
(e.g., Muratore et al., 2021) and the metabolic costs of neural 
tissues that are highly significant to brain evolution (Aiello and 
Wheeler, 1995) can be recorded in individual ant brains (Coto 
and Traniello, 2021). Studies of the influences of diet, which is 
considered significant in primate (and human) brain evolution 
(Wrangham, 2009; DeCasien et al., 2017), are facilitated by the 
diverse feeding ecologies of ants. Ant nutritional socioecology 
spans highly specialized as well as generalist predators that vary 
in colony size and degree of complexity of social organization, 
allowing the relative roles of diet and social complexity to be 
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separated because specialist and generalist species that each form 
small and large colonies (Azorsa et al., in preparation). Ants 
also have culture in the form of tool use (Zhou et al., 2020 and 
references therein), and although they do not process food by 
cooking, they may preserve prey (Maschwitz et al., 1979). 

The application of theories of vertebrate brain evolution to 
social insects has been debated (Lihoreau et al., 2012; Farris, 2016) 
and studies describe variable relationships between sociality, 
brain and brain compartment size, body size, and group size in 
eusocial insects (Farris and Schulmeister, 2011; Seid et al., 2011; 
Riveros et al., 2012). Workers of ant species characterized by 
larger colony size have larger brains, suggesting greater social 
interaction selects for increased brain size (Wehner et al., 2007). 
Similarly, comparisons of socially basic and social complex 
ant species suggest larger colony size and collective actions 
have selected for larger brains and mushroom bodies (Kamhi 
et al., 2016). In contrast, in monomorphic fungus-growing ants, 
which have agrarian habits, larger colony size is associated 
with decreased brain size (Riveros et al., 2012). This latter 
comparison among agricultural ant species provides insight into 
how increased group size and sociality in human populations may 
have reduced brain size (Bailey and Geary, 2009) due to a high 
level of emergent complexity. 

Worker behavior undergoes age-related development in ants. 
Like human brains, ant worker brains exhibit age-related synaptic 
remodeling, suggesting synaptic pruning in association with an 
increasingly diverse, flexible, and efficient behavioral repertoire 
(Seid et al., 2005; Seid and Traniello, 2006; Muscedere et al., 
2009). Age and behavioral development can be associated with 
increased brain volume (Muscedere and Traniello, 2012) and 
declines in the density of mushroom body microglomeruli 
(Gordon and Traniello, 2018)—“microprocessor”-like synaptic 
structures that underlie plasticity in sensory processing capability 
and behavior (Groh and Réssler, 2011; Groh et al., 2014). 
Elements of human brain development are thus mirrored in 
ant brain ontogeny and social behavior. In mole rats, eusocial 
mammals convergent in social structure with eusocial insects, 
there is no clear association between social system and relative 
brain size: eusocial species do not have smaller or larger brains 
than social or solitary species (Kverkova et al., 2018). Although 
there is an apparent trend between social system and forebrain 
neuron number, this is likely an artifact of the extreme metabolic 
adaptations to subterranean life found in H. glaber (Kverkova 
et al., 2018; Browe et al., 2020). Ants appear to provide more 
useful models than eusocial mammals. 


Division of Labor and Brain Investment Patterns 

Division of labor is a core social trait in humans and ants 
that potentially influences brain size evolution by unequally 
distributing behavioral performance needs and cognitive loads 
across group members. Greater social complexity in ants is 
correlated with large group size and division of labor among 
polyphenic workers (Anderson and McShea, 2001; Kappeler, 
2019). Division of labor by morphologically differentiated and 
behaviorally specialized workers (physical castes) is an attribute 
of a relatively small number of ant species. Analyses of 
brain and behavior in these ants, especially those featuring 


extraordinary polymorphisms and high degrees of behavioral 
specialization, can provide important information on how 
distributed cognition impacts the size and scaling of brain size 
and structure in relation to body size. For example, mushroom 
bodies are disproportionally large in the brains of media 
(mid-size) workers of the fungus-growing ant Atta cephalotes. 
The diverse and behaviorally challenging task repertoire of these 
workers encompasses leaf-harvesting, and their social role and 
neuroanatomy differs from that of smaller and larger workers 
that perform other tasks (Muratore et al., 2021). Using this 
ant as a model to understand how agriculture has influenced 
brain evolution may help identify social conditions, life histories, 
and ecological factors favoring either an increase or decrease 
in brain size. It can also help identify how brain centers 
responsible for higher-order processing have evolved in response 
to either narrowly circumscribed or pluripotent and flexible task 
repertoires. In humans, such changes may have occurred during 
the transition from hunter-gatherer to agrarian habits. Ants 
provide a window through which such evolutionary processes 
may have occurred, and neuroanatomical outcomes. 

Other strongly polymorphic ants offer additional insights into 
the role of division of labor in the evolution of brain size and 
compartmental scaling (Muscedere and Traniello, 2012; Ilies 
et al., 2015; Gordon et al., 2017, 2019). Ecologically different 
species may have distinct neural phenotypes that vary in the 
size of sensory input compartments and the mushroom bodies, 
among other brain centers (Muscedere and Traniello, 2012). 
Mushroom body size correlates positively with task plasticity, 
supporting the notion that greater demands on behavioral 
performance are reflected in greater investment in higher-order 
processing tissues. Task specialization may also affect brain size 
and compartmental scaling: larger colonies may show a higher 
level of task specialization among workers, reflected in relatively 
larger mushroom bodies (Amador- Vargas et al., 2015). The larger 
picture is that brain differentiation can occur in association with 
division of labor in the absence of striking changes in body size, 
illustrating how selection may have operated in humans as social 
groups increased in size. 


Collective Intelligence and 


Neuroenergetic Costs 

Ponce de León et al. (2008) and Hawks (2011) suggested 
that reduction of human brain size—without any evidence for 
intellectual diminishment—implies selection for brain efficiency. 
In ants, there is evidence of selection for metabolic efficiency 
in the brain. Kamhi et al. (2016) used cytochrome oxidase 
(COX) activity, a proxy for neuron metabolism, to contrast brain 
evolution and social evolution in the weaver ant Oecophylla 
smaragdina and the garden ant Formica subsericea, two sister 
clades whose workers are equivalent in body size but differ 
strongly in social organization and collective intelligence. 
Increased social complexity in weaver ants—reflected in division 
of labor by worker physical castes, large colony size, and 
remarkable decentralized group action including cooperative 
nest building—was associated with larger mushroom bodies, 
implying greater needs for higher-order information processing. 
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Weaver ant worker mushroom bodies have reduced COX activity. 
Therefore, increased brain size in socially complex species may be 
associated with reduced brain operation costs, contrasting with 
the assumption that increased brain size increases metabolic costs 
(Aiello and Wheeler, 1995; Isler and van Schaik, 2009). 


Social Selection and Brain Evolution 
Reduction in brain size may not compromise cognitive 
performance if intelligence is an attribute of the society rather 
than the individual. Galton (1907) first described that the 
accuracy of decision making by human groups could exceed 
that of any individual group member. This concept of collective 
intelligence has since been elaborated in studies ranging from 
insects to humans (Woolley et al., 2010; Ward et al., 2011; Sasaki 
and Pratt, 2018; Almaatoug et al., 2020). If brain production, 
maintenance, and operation costs are metabolically significant 
(Aiello and Wheeler, 1995; Leonard et al., 2003; Isler and van 
Shaik, 2006; Chittka and Niven, 2009; Navarrete et al., 2011; 
Kuzawa et al., 2014; Pontzer et al., 2016; Herculano-Houzel, 
2017), then collective intelligence may reduce demands for 
neural tissue to support individual cognitive capabilities. Using a 
multidisciplinary modeling approach, Reséndiz-Benhumea et al. 
(2021) indeed demonstrated that agents with relatively small 
brains can through social interaction achieve a level of behavioral 
performance comparable to those of larger-brained but solitary 
agents. Further testing of this idea, however, will require a 
better understanding of whether Holocene human brains reduced 
isometrically or if specific regions reduced in size. 

We suggest that group cognition lowered the demands 
for neural architechtures required to support some aspects of 
individual intelligence and decision making (Bailey and Geary, 
2009). This effect may have become even more pronounced 
with the advent of writing ca. 5000 years ago (Schmandt- 
Besserat, 2010), which falls within the estimated 95% CI for 
the pronounced reduction in Holocene human brain size 
(Figure 1). During human history, social groups became 
larger, social interactions more frequent, social networks more 
complex, and tracking relationships more demanding (Bailey and 
Geary, 2009; Foley and Gamble, 2009). A rise in sociocultural 
complexity was not due to particular individuals becoming more 
intelligent and culturally skilled, but because of the emergence 
of collective intelligence resulting from a growing population 
of interconnected humans and interacting human groups. As 
group size increases, interactions with a dynamic and exceedingly 
complex social landscapes result in increased demands on the 
brain (Bickart et al., 2011; Kanai et al., 2012). However, because 
of the metabolic demands of the brain (Pontzer et al., 2016), 
there may be limits to feedback loops between social network 
size and brain structure. If group decision-making generated 
adaptive group responses exceeding the cognitive accuracy and 
speed of individual decisions and had a fitness consequence, 
then human brain size may have decreased as a consequence of 
metabolic cost savings. 

Population size expanded dramatically with the advent of 
agriculture, beginning ~10 kyr and grew exponentially from an 
estimated five million to over 100 million by 3000 years ago 
(Goldewijk et al., 2011). This increase in population coincided 


with deterioration in individual health (Armelagos et al., 1991; 
Milner, 2019) and increases in infection rate (Eshed et al., 2010), 
pathogenic load (Page et al., 2016), and virulence (Menneret 
et al., 2010). It remains possible, then, that the high energetic 
cost of a heightened immune response (Wells and Stock, 2020), 
might have been a factor in Holocene brain reduction. In fact, 
Crabtree (2013a; 2013b) proposed this immunity-for-intelligence 
trade-off in his controversial “Idiocracy Hypothesis,’ though this 
idea has been criticized on the basis of flawed assumptions 
(Kalinka et al., 2013; Mitchell, 2013). 

Gowdy and Krall (2013) draw parallels between the 
ultrasocial human superorganism, complete with division 
of labor and “economic organization around surplus” that 
arose in the Holocene and the sociobiology of agricultural 
eusocial insects, including some ants and termites. Brain 
size reduction occurred in traditional hunter-gatherer 
human populations (Wiercinski, 1979) that never adopted 
sedentary agricultural practices, but have complex social 
networks (Apicella et al., 2012). Foster and Ratnieks (2005) 
suggest that the presence of post-reproductive female helpers 
(grandmothers) universally present in human societies is 
sufficient to characterize humans as a “new eusocial vertebrate,” 
offering additional support for the value of broad comparisons 
across unrelated taxa. 


CONCLUSION 


We suggest that patterns of human brain evolution were 
influenced by collective intelligence, a convergent characteristic 
of diverse group-living animals (Surowiecki, 2004; Sumpter, 
2006; Woolley et al., 2010; Morand-Ferron and Quinn, 2011; 
Reid et al., 2015; Biro et al., 2016; Bates and Gupta, 2017; 
Sasaki and Biro, 2017). The precise role of societal information 
flow, distribution, and transfer as emergent group properties 
that may affect brain evolution and neural functioning is not 
well understood (e.g., Weaverdyck and Parkinson, 2018). Large 
brains may not be required to generate complex behavior, and 
brain mosaicism and circuitry—rather than overall size—may 
be important (Healy and Rowe, 2007, 2013; Chittka and 
Niven, 2009; Avargués-Weber et al, 2018; Logan et al., 
2018; Godfrey and Gronenberg, 2019). Computational models 
(e.g., Feinerman and Traniello, 2016; Reséndiz-Benhumea 
et al, 2021) and patterns in some ant clades (Muscedere 
and Traniello, 2012; Riveros et al., 2012; Muratore et al., 
2021) suggest that group-level cognition may select for 
reduced brain size and/or adaptive brain size variation. 
Moreover, complex systems theory predicts that greater social 
complexity derives from individual simplicity (Delgado and Solé, 
1997), although the neurobiological and behavioral meaning 
of “simplicity” is unclear. Complexity in eusocial insect 
colony organization may involve selection for either smaller, 
neurally differentiated worker brains (Lihoreau et al., 2012; 
Riveros et al., 2012; O'Donnell et al., 2015; Feinerman and 
Traniello, 2016) or larger brains (Wehner et al., 2007) able to 
metabolically offset increased production and operation costs 
(Kamhi et al., 2016). It seems unlikely that a “theory of theories” 
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will appear to universally and meaningfully explain the multiple 
roles sociality can play across taxa as evolutionarily as 
divergent as humans and ants. We advocate for an ecumenical 
and open-minded approach that integrates theories of social, 
sociocultural, ecological, and mosaic and metabolic brain 
evolution to create an awareness of the breadth of the natural 
landscape of possibilities that can encompass both brain size 
increase and reduction. Human/ant comparisons have heuristic 
value and can offer a conceptual compass to guide future research. 
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